The behaviour of copper and insulation paper in various electrical insulating fluids (transformer oils) exposed to thermal ageing at 110±3 0 C for 1000 hours in closed vessels (without access to atmospheric oxygen) has been studied. The processing of the comparative experimental data revealed in all cases that the concentration of dissolved oxygen in the investigated oils decreases exponentially during the heat treatment. In the presence of the copper foil, the oxygen is almost depleted (the dissolved oxygen concentration is approaching zero), indicating a higher affinity of the copper to oxygen than the affinity to oxygen of the investigated oils. In the presence of the copper foil and / or of the insulation paper, the degradation processes of the mineral oils have a pronounced character, explained by the catalytic activity of the Cu 2 O film that has been formed and by the paper degradation, respectively. A high thermo-oxidative stability was noticed in the case of natural triglyceride oils, particularly for the synthetic ester-based oil.
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The issue of providing safe, uninterrupted electricity is a priority for sustainable development, the safe operation of electrical equipment being of significant complexity and importance. Sustainability in operating electrical equipment is primarily determined by the ageing of the insulation systems which are exposed during operation to the synergistic action of electrical, thermal, chemical stress, etc.
Within the electrical power transformers, the elements made of copper with or without insulation paper are in contact with the insulating fluid (transformer oil). Under practical operating conditions, both copper elements and insulation paper in transformers interact with the transformer oil. Therefore, as a result of the action of transformer oil, copper can oxidize and / or corrode. During these complex chemical processes the reaction products are deposited on the elements of copper and paper insulation and / or are dispersed in the transformer oil, thus reducing both the energy efficiency of the transformer (an increase in dielectric losses) and the safe operation of the equipment [1] . Recent studies have shown that the corrosive aggressiveness of transformer oils is primarily determined by their sulphur content [1] [2] [3] [4] [5] [6] [7] [8] . On the other hand, several studies have shown that under the action of thermal stress, mineral origin transformer oils into contact with the cellulose within insulation paper leads to the degradation of the oil (cracking processes with gas formation) and obviously of the paper [9] [10] [11] [12] [13] . Also, some recent studies highlighted the energetic benefits of using insulating oil in suspension with ferromagnetic fluids [14] [15] [16] [17] ; the reaction products of mineral oil with insulation paper may affect in this case the stability of the magnetic nanoparticles suspension.
Under the influence of thermal stress, transformer oils suffer thermo-oxidative processes with the dissolved oxygen from the oil or with the oxygen from the air the oil is in contact with; these processes lead to the degradation of their functional parameters [7, 12, [18] [19] [20] [21] [22] [23] . It has been * email: gabriela.oprina@icpe-ca.ro experimentally shown that the thermo-oxidative degradation of the oils increases their corrosiveness [24] .
Compared to silicone oils and synthetic esters, mineral oils show a cost/performance ratio particularly favourable, which makes mineral oils to be widely used in transformers. The major disadvantage of the mineral oils consists in their high degradation rate [25] [26] [27] [28] . The experimental results of several recent comparative studies revealed that, in the most electrical engineering applications -including transformers, some vegetable oils (easily and quickly biodegradable) can successfully replace the mineral oils [7-9, 11-13, 18-20, 25-28].
Given the above mentioned considerations, the purpose of this paper consists in the comparative study of heat degradation undergone by various insulating oils in the presence and absence of copper and / or insulation paper.
Experimental part
The origin and type of the investigated oils, as well as the encoding of the samples is shown in table 1.
Approximately 200 grams of oil sample under investigation were placed in Erlenmeyer flasks with ground glass joint and glass stopper. Also, 1.2 dm 2 of electrolytic copper foil with a thickness of 36 ± 4µm and / or approx. 1dm 2 of insulation paper (kraft type, in accordance with IEC 60641-1 / 2007) were introduced in oil and were exposed to thermal ageing by storage at 110±3 0 for 1000 hours in an ageing-oven France Etuve 980 XL type ( fig. 1 ).
In order to evaluate the oxidative degradation undergone by the oil and/or by the copper foil and insulation paper respectively, during the heat treatment the concentration of dissolved oxygen in oil was monitored with a gas chromatograph manufactured by Perkin Elmer 600 CLARUS (US). Also, the appearance of the copper foil was observed with a standard microscope MM-KKE-M-C-U provided by HYDAC FILTER SYSTEMS GmbH, Germany. Before and after the storage for 1000 h at 110±3 0 C, the colour of the oil samples was quantified by determining the iodine value (according to [34, 35] ).
Results and discussions
The variations in oxygen concentrations of the investigated oils during the heat treatment are shown in figures 2-6. The probe codes are listed in table 1.
By performing a comparative analysis of figures 2-6 it is ascertained that for the solubility of gaseous oxygen, namely its initial concentration in the O1 and O5 mineral oils is relatively high, respectively of over 16000ppm, unlike for the case of the synthetic ester O3 (approx. 11000ppm) and of the vegetable oils O2 and O4 for which the oxygen solubility is relatively low (7500ppm and 2500ppm, respectively). The very low concentration of oxygen in O4 sample may be due to the antioxidant additive content of this oil [32] . It is also observed that, in all cases, the concentration of oxygen in the investigated oils under the test conditions (heat treatment in closed containers) decreases in time (almost exponentially). This ascertainment indicates that the free oxygen in the oil is consumed during the heat treatment. In the given experimental conditions, the consumption of dissolved oxygen in oil can occur through the following reactions: a) oxidation of unsaturated bonds with formation of peroxides and/or volatile products [18-21]; b) oxidation of copper foil with formation of Cu 2 O and CuO oxides [5, 7, 8] ;
c) oxidation of oil as well as of the cellulose in the insulation paper [10, [18] [19] [20] [21] .
Changes in the colour of the investigated oils after the applied heat treatment, as an indicator of the oxidative processes undergone by the oils, are summarized in table 2.
By analyzing the data in table 2 it results that the most significant changes in colour were registered for the oils O1 and O5, indicating that their thermo-oxidative stability is minimal. Also, it is noted that the highest changes in colour, perceived visually ( fig. 7) were registered for the oils in contact with copper foil; this finding may be explained by the catalytic activity of Cu 2 O on the degradation processes of mineral oils.
The comparative analysis of figures 2-6 reveals that in the presence of the copper foil the oxygen dissolved in the investigated oils is almost entirely consumed. In conjunction with the data in ; most likely, it catalyzes the addition of oxygen to the unsaturated bonds in the structure of the oil [7] . In the case of vegetable oils, has been demonstrated the catalytic activity of copper traces on the decomposition of peroxide products [38, 39] formed by oxidation of the double bonds in esterified fatty acids (especially linoleic and linolenic acids [40] ). By comparing figure 2 and figure 6 showing the behaviour of mineral oils, it results that during the 1000 hours heat treatment in the absence of the copper foil and/ or insulation paper, the dissolved oxygen content in O5 oil decreases about 7 times, as compared to the O1 oil for which the decrease is about 3.5 times, indicating an affinity for oxygen of approximately 2 times higher for O5 than for O1. This ascertainment is in agreement with the data in table 2, namely the change in colour for O5 oil from 10 to 22 and for O1 oil from 10 to 16 respectively. By comparing figure 3 and figure 5 it results that in the cases of O2 oil (mainly vegetable oil) and O4 oil (99.5% vegetable oil and 0.5% antioxidant), the affinity of oxygen for O2 oil in the absence of copper foil/insulation paper is approximately 3 times bigger than for O4 oil. This observation is in agreement with the changes in colour occurred during the heat treatment, i.e. a change from 14 to 18 for O2 oil and from 11 to 12 for O4 oil.
By analyzing figure 4 it is found a low affinity of oxygen for O3 oil (the decrease of the oxygen content being of only 0.4 times), determining no changes in colour for O3 oil during the heat treatment, in the absence of copper foil and/or insulation paper.
The behaviour of the insulation paper into the investigated oils is varying with the oil type. Thus, into the mineral oils O1 and O5, the insulation paper accelerates the thermo-oxidative degradation of the oil. This can be explained by the fact that the oxidation products, under the action of the moisture from the oil and the water formed in the complex processes of the mineral oil oxidation, opens the pores of the paper and degrades the cellulose by hydrolysis and oxidation. These processes that generate gases, especially CO and CO 2 as well as water, leading to an acceleration of the degradation of paper [41, 42] and oil; this is also supported by figure 2 and figure 6 and by the data in table 2. When exposing the insulation paper in oilbased esters, the processes are fundamentally different. Thus, in the case of vegetable oil which contains the triglycerides of the fatty acids [11, 20, 43] these can hydrolyze with the water present in traces, forming glycerol and fatty acids [11] according to eq. (1):
Further, the fatty acids formed in the process (1) react with the cellulose and, by an esterification process, a relatively stable product is formed, namely esterified cellulose [11] , as eq. (2) shows: Fig. 7 . Photo of oil samples colour: a) -initial appearance; b) -appearance after 1000 hours of treatment at 110 0 ±3 0 C in contact with copper foil Fig. 8 . The appearance of the copper foil prior to the heat treatment
This behaviour can explain the fact that, during the applied heat treatment, the oils O2, O3 and O4 in contact only with the insulation paper and do not change their colour.
The appearance of the copper foil prior to the heat treatment in the investigated oils is shown in figure 8 . We noticed that the appearance of the exposed copper foils in the oils O2, O3 and O4 has not changed. However, a significant change was also for exposed copper in O5 oil. A representative image of the copper foil appearance exposed for 1000 h at 110±30°C in the oil O5 is shown in figure 9 .
Through a comparative analysis of figure 8 and figure 9 it is found that the mineral oil O5 interacts with the copper foil during the heat treatment and forms dark spots on the foil's surface, which can be explained by the sulphur content of the investigated mineral oils and the formation during heat treatment of the copper sulphide [5, 7, 8, 44] . It is to be noticed that, besides the layer of copper sulphur from the foil's surface, it is also formed some powder of copper sulphur, which is dispersed within the oil, reducing significantly the insulation level of the oil/paper system. The experimental results obtained by carrying out the research presented in this paper confirmed that vegetable esters-based insulating fluids in electrical applications presents a number of advantages over traditional mineral oils, namely: high thermal stability, no degradation of the immersed insulation paper, no corrosion of the immersed copper components, and no formation of copper sulphide sludge after thermal ageing. It was also noted that it can be relatively inexpensive to obtain vegetable oils from renewable resources through environmental-friendly technologies, and these vegetable oil are easily and quickly biodegradable under natural conditions [25] [26] [27] .
Given the above mentioned considerations, for a sustainable development and for ensuring a sustainable development and environmental protection, by continuous education and information on environment [44, 45] the manufacturers and users of electrical equipment should be encouraged to abandon the use of traditional mineral oil for vegetable oils.
Conclusions
We demonstrated that the thermal ageing of some insulating fluids, both in the presence and in the absence of copper foil and/or insulation paper, can be studied by gas evolution content and colour change.
The processing of experimental data obtained before and after exposure to thermal ageing for 1000 h at 110±30°C in closed vessels led to the following conclusions:
-thermal stability of the ester-based oils (both natural triglycerides and synthetic ester) is superior to the one of the mineral oils;
-during the heat treatment, the dissolved oxygen in the investigated oils in the copper foil presence is almost entirely consumed, the formed Cu 2 O film catalysing the thermo-oxidative degradation processes of mineral oils;
-into the mineral oils with sulphur content, the copper foil is corroded resulting copper sulphide, which is partially deposited on the support and partially dispersed in the oil; in natural triglycerides based oils and in synthetic esterbased oils the corrosion of the copper foil did not occur;
-the changes in colour of the investigated oils during the heat treatment are in good correlation with the thermooxidative processes undergone by the oils;
-the insulation paper degrades and contributes to the thermal ageing of the mineral oils (evidenced by the changes in colour), unlike the natural triglycerides based oils and synthetic ester-based oils, which do not present changes in colour when being in contact with the insulation foil during the heat treatment.
